ABSTRACT This paper proposes an improved model predictive control (MPC) scheme with a robust prediction and stability-constrained finite states for three-phase voltage source inverters (3φ-VSIs) with an LC filter. In this paper, the stability-constrained finite states are selected via the asymptotic stability conditions as a key factor to reduce the total harmonic distortions (THDs) and steady-state errors. Meanwhile, the Kalman filter-based observers improve the overall robustness against model mismatches and noises via a robust prediction. To select the stabilized finite states, the stability conditions are derived by the equivalent feedback-gains and constrained in the exhausting search of the proposed finite-set (FS) MPC. Unlike conventional FS-MPC methods, three control targets (i.e., robustness, stability, and optimality) are simultaneously achieved as the new contributions to remarkably enhance the voltage control performance of the 3φ-VSI, which are also the challenge of the conventional control methods. To verify the superiority of the proposed FS-MPC, comparative studies are conducted on a prototype three-wire 3φ-VSI system with a TI TMS320F28335 DSP under practical conditions (i.e., parameter mismatches, linear/nonlinear-load step-changes). The experimental results confirm that the performance of the proposed FS-MPC has been significantly improved in terms of lower THDs, smaller steady-state errors, faster dynamic response, and more robustness under critical system changes as compared with the conventional FS-MPC.
I. INTRODUCTION
Actually, it is so important to achieve the good voltage control of three-phase voltage source inverters (3φ-VSIs) in various alternating current (AC) power conditioning systems such as uninterruptible power supplies (UPSs), automatic voltage regulators (AVRs), energy storage systems (ESSs), and distributed generation systems (DGSs) [1] . Generally, the voltage control capability of 3φ-VSIs is evaluated via the desired quality of controlled sinusoidal voltages such as fast transient response after sudden disturbances, small total harmonic distortions (THDs), and small steady-state errors (SSEs) in the output voltages. Furthermore, the mentioned control performance should be robust under system parameter uncertainties [2] , [3] and critical load conditions (e.g., load step-change, nonlinear load, etc.).
Recent researches [4] - [8] pay much attention to significantly improving the voltage control performance of the pulse-width modulation (PWM) VSIs that employ the internal model-based disturbance observers [4] , repetitive control [5] - [7] , and disturbance-observer based cascaded control [8] . By utilizing the available model of the system, signals noise or disturbances, these methods improve the control performance on achieving the reduced THDs of the controlled voltages/currents, small SSEs, and some robust performance. However, all the mentioned methods are developed based on the assumption of unconstrained continuous-inputs. Meanwhile, the discrete nature of switching-states and its control-input limits are not considered in the control design. In fact, the PWM VSIs generate discrete PWM voltages with limitations up to the dc link voltage, so an advanced control design method which can utilize the available models, discrete nature of PWM inverters, and control-input constraints is expected with promising performances.
In the literature [1] - [3] , [9] - [14] , the model predictive control (MPC) is recently applied to control the 3φ-VSIs thanks to its advantages such as a fast dynamic response and an optimized performance. Even though many research works on the MPC have been published for power electronics applications as reviewed by [14] , there are still two emerging issues (i.e., robustness and stability) on the recent MPC methods in the power electronics area.
The first issue (i.e., robustness) is a general concern of model-based methods including the MPC due to their heavy dependence on available models of the plants [12] . Despite the availability of mathematical models in power electronics, the accuracy of models is usually not guaranteed due to the parameter uncertainties caused by the manufacturing tolerance and parameter variations due to the working conditions [9] , [11] , [13] . Furthermore, the model accuracy can be seriously affected by unmodeled parameters such as parasitic elements (e.g., resistance, inductance, capacitance, etc.) and noises [11] . Unfortunately, the MPC is originally a model-based method which is challenged by these mentioned facts in order to achieve a robust performance. Another critical issue for the robustness is a conventional trade-off between robustness and optimality as mentioned in the conventional optimal control [15] . That is, a control design usually forfeits its optimized performance to achieve the robustness [16] . In comparison with other advanced nonlinear control methods such as nonlinear optimal control [17] , adaptive control [18] , sliding-mode control [19] , artificial intelligence-based control [20] , and feedback linearization control [21] , the prominent advantage of the finite-set (FS) MPC in power electronics is to achieve the optimality and complicated-constraints inclusion [2] , [3] , [14] . In general, the MPC offers a straightforward approach to optimize the control performance by directly solving the optimization problem derived from a model based prediction [22] , [23] . Hence, as soon as the accuracy of model-based prediction is not guaranteed, the optimality is unreliable. To this end, the key factor to achieve both the robustness and optimality in MPC methods is the robust accuracy of a model prediction. To improve the robustness of a control design in power electronics, adaptive mechanism [9] , disturbance observers [9] , [13] , and Kalman-filters [24] are widely employed. The adaptive mechanism in [9] and [20] relies on a known structure of a model which faces difficulties in unmodeled parameters, and traditionally, these robust approaches are updated online. Among these approaches for the robustness, the Kalman-filter based observers offer an optimal solution by estimating unknown lump quantities in case of noises [25] which is also considered as an online mechanism. Meanwhile, the traditional optimal control [15] , [17] offers an analytical solution offline, so there is a trade-off between robustness and optimality in the traditional optimal control. Fortunately, this trade-off can be overcome by recent FS-MPC methods [23] , [26] using an online optimal solution that follows an online mechanism for a robust prediction (e.g., direct or FS-MPC).
Next, the second issue (i.e., stability) is a key subject of the FS-MPC in power electronics [14] , [27] . That is, the FS-MPC can directly offer an optimal switching-state without a modulator, namely a FS-MPC [14] . This approach also holds the most powerful feasibilities of the MPC such as simple prediction, online solution, and complicated constraint inclusion. However, in return, the FS-MPC faces difficulties in addressing the stability problem, especially on the asymptotic stability feasibility [14] . Limited works on the stability for the FS-MPC such as [22] , [23] , and [27] - [31] show some approaches to the stability problem of the FS-MPC. In [12] , [27] , and [28] , the stability is first considered with an explicit solution of a convex MPC, and then the quantized input is taken into account with a Lyapunov stability theory to prove the bounded stability for the FS-MPC. The results show that with the FS-MPC, the ultimately bounded-region can be predesigned by selecting the appropriate control parameters [27] . As another approach in [31] , an objective function is selected from a Lyapunov function to ensure the stability. However, the specific Lyapunov function limits the selection of the objective functions on the control performance and reduces the flexibility of MPC. Some works such as [2] , [3] , and [12] use a hybrid approach to achieve the stability in the steady-state by using a continuous control set approach with a modulator. The recent works [29] , [30] - [32] on the stability for the FS-MPC offer the stability by checking the time-derivative of a Lyapunov function at every sampling time. However, an explicit Lyapunov function is not always available for control design. To this end, the asymptotic stability is still one of the challenges in the FS-MPC. This paper proposes a new FS-MPC method which uses an observer-based prediction to achieve the robustness and stability-constrained finite states and reduce the THDs and steady-state errors (SSEs) in voltage control applications of 3φ-VSI systems accompanied by an output LC filter. Unlike conventional FS-MPC methods, the robustness, stability, and optimality are simultaneously targeted. Especially, the asymptotic stability helps to reduce the THDs and SSEs of controlled voltages because the asymptotic convergence of controlled error is constrained in every sampling period. Comparative studies are carried out on a prototype three-wire 3φ-VSI system with a TI TMS320F28335 DSP to validate the superiority of the proposed FS-MPC over the conventional FS-MPC under critical disturbed conditions of the loads (i.e., linear load step-change and nonlinear load step-change) under critical parameter mismatches (e.g., unmodeled parameters, highly distorted LC parameters, etc.). The experimental results confirm that the conventional drawbacks of the FS-MPC such as high voltage THDs and high steady-state errors are remarkably reduced. Investigations on the comprehensive scenarios with parameter mismatches are also conducted to prove the overall robustness. Consequently, the superior feasibilities of the proposed FS-MPC such as robustness, fast dynamic response, and physical-constraints inclusion are verified under the comparative scenarios with the conventional FS-MPC.
II. MODEL OF A THREE-PHASE INVERTER WITH AN OUTPUT LC FILTER
This section derives the continuous-time state-space model in the d-q frame of a typical three-wire 3φ-VSI accompanied by an output LC filter. The discrete nature from the switching-states to a 3φ voltage system is also mentioned for a FS-MPC design.
FIGURE 1.
A three-wire 3φ-VSI system with an output LC filter. Fig. 1 depicts a three-wire 3φ-VSI system with an output LC filter which is popular in various AC power conditioning systems [33] , [34] . It is noted that a four-wire 3φ-VSI system can be easily implemented with a −Y connected power transformer after this system [35] . For a three-wire 3-phase VSI system, the dynamic model can be simply presented in the synchronously rotating d − q reference frame via the first-order ordinary differential equations as follows [15] , [21] :
where 
T is constant and ω is fixed) [1] , [15] , [21] . Note that the model (1) is simplified without zero components because the zero components of all phase currents do not exist in case of a three-wire 3φ-VSI system.
In Fig. 1 , the 3φ-VSI is a system with the input-output model represented via the following matrix transformation (MT) [1] , [2] , [24] :
cos θ cos(θ − 120 0 ) cos(θ +120 0 )
where the superscript ( * ) represents the steady-state values of the variables.
By subtracting side by side (3) from (1), the error dynamics model is written as
where (4) is expressed in the matrix form bẏ
where
The error dynamics model (4) is simplified with nominal parameters, which will be used for model-based prediction in the proposed FS-MPC in Section IV-B. To enhance the control robustness, the model-based prediction is proposed from (4) using the steady-state Kalman filter-based observers for
T which will be derived in the next section.
This section develops the observers using a steady-state Kaman filter to enhance the robustness of the model-based prediction. The error dynamics model (4) is used not only for predicting the system states but also for developing the asymptotic stability conditions in Section IV-A. To estimate I * i , the following dynamics equations are extracted from (3) and (4) aṡ
From (5), the observer for I * i is represented by the following equations:
and I 2×2 and O 2×2 are 2 × 2 identity and zero matrixes, respectively. The steady-state Kalman filter is applied to find out the optimal gain L i by considering the process and measurement noises expressed by the relevant covariance matrixes (i.e., Q i and R i ) [20] as
where Q i and R i are considered as the design parameters and P i is the relevant matrix solution of the algebraic Riccati equation (ARE). Note that the ARE in (8) can be easily solved offline (e.g., by using Matlab) and the stability for the steadystate Kalman filter is proven in [15] and [25] .
Similarly, the following dynamic equations are derived from (3) and (4) aṡ
Then, the observer is represented aŝ
wherê and measurement noises are dealt with by the Kalman filter [3] . The observer-based model not only improves the robustness of model-based prediction but also simplifies the model by using the error dynamics (4).
For prediction, the error dynamic model (5) in the matrix form is converted to the discrete-time model [1] , [2] as 2) Predict the state variables V Le (k + 1), I ie (k+1) in onestep ahead using (11).
3) Predict the output voltage V Le (k + 2) in two-step ahead from (11) as V Le 
Note that the dynamic model (1) is considered as a second-order system with input V i and output V L . Therefore, the two-step ahead prediction of the controlled outputs is employed in the proposed FS-MPC. For convenience, the superscripts ( ++ ) and ( + ) are used to denote the predicted values in the time steps (k + 2) and (k + 1) in the following section, respectively. The horizon-one prediction in (11) shows its effectiveness with least prediction-steps, which is widely applied in direct MPC in power electronics area. However, despite the reduced online computation, the control performance and stability are two critical issues of the FS-MPC in the literature [14] .
IV. ASYMPTOTIC STABILITY AND FS-MPC ALGORITHM
This section analyzes the problem of ripples in the FS-MPC with a short-horizon prediction and then derives the stability conditions from the state feedback control laws to solve the problem. Next, a new FS-MPC is proposed with the stabilized finite-states based on the robust model prediction mentioned above. Fig. 3 illustrates the ripple problem originated from the shorthorizon prediction. As seen in the trajectory of the conventional FS-MPC (''Con'') in Fig. 3 , an optimal switching-state (e.g., S con ) at each time-step (e.g., k th time-step) is selected based on the horizon-one prediction where S con is selected just because the predicted error is smallest among other switching states. However, due to the unguaranteed stability, S con may bring the temporary divergence of the trajectory as shown in Fig. 3 . Hence, there is a possible ripple in the trajectory of the conventional FS-MPC as reported widely in the literature [1] , [10] , [14] . In the expected trajectory (''Pro'') seen in Fig. 3 , if the other optimal switching-state (e.g., S pro ) is selected with a constrained stability at each time-step, then the convergence of trajectory is maintained to cancel out the possible ripples. Hence, the key improvements in control performance of the FS-MPC are on the constrained stability and robust prediction, which are the target for control design in this paper. The following subsections propose a stabilized direct search by monitoring the stability condition via the equivalent gains of feedback control rules. The idea of divergence in horizon-one FS-MPC can be extended to a general reference-tracking control problem, which is not limited to a constant-reference tracking as illustrated in Fig. 3 . In case of a sudden reference change, the dynamic response may be changed from a short rising time with a large overshoot for the conventional FS-MPC method into a smooth, reduced overshoot but a longer rising time for the proposed FS-MPC method. Then, a specific investigation should be considered for a specified application with a detailed system configuration.
A. CONVENTIONAL RIPPLE PROBLEM IN FS-MPC WITH A SHORT-HORIZON PREDICTION AND A SUGGESTED SOLUTION FROM CONSTRAINED STABILITY

B. ASYMPTOTIC STABILITY CONDITIONS VIA EQUIVALENT FEEDBACK GAINS
The controlled outputs (v de , v qe ) are desired to be stable at the equilibrium point (0, 0). From the dynamics equation of (v de , v qe ) in (4), the following feedback control rules are defined for the continuous system (4) using virtual control (12) where k vd , k vq , k id , and k iq > 0 are the equivalent feedback gains. By substituting (12) 
where µ > 0 is an arbitrary small positive number. The time-derivativeV (v id , v iq ) along the trajectories of the closed-loop system defined by the control laws (12) (17) From (15), with the analysis mentioned above, a simple constraint is proposed to ensure the stability as
Note that the condition (18) (18) can be used as a sample to develop the stability constraints for the proposed finite-set MPC applied into other applications.
C. EXISTENCE OF STABILIZED FINITE STATES
This subsection proves the existence of at-least one finitestate of the 3φ-VSI which can asymptotically stabilize the controlled outputs provided that the stability is guaranteed by the continuous feedback laws.
The continuous control inputs (v id , v iq ) based on the feedback control laws (12) can be presented via the following finite states [23] , [32] :
where α, β ≥ 0 and (α+β) ≤ 1 expressing a feasible continuous vector (v id , v iq ) which can be modulated by a space-vector modulation (SVM) technique using the switching sector with three switching-states (i.e., right, left, and zero states) [23] . By substituting (19) into (15), the stability conditions are rewritten aṡ
Due to the fact that α ≥ 0, β ≥ 0, (1 − α − β) ≥ 0, the negativity of (20) infers the following conclusion: At least one of three terms in (20) with respect to the three finite states is negative. In other words, at least one finite state (i.e., left, right, or zero) maintains the stability conditions of the continuous feedback control laws (12) .
D. FS-MPC WITH STABILIZED DIRECT SEARCH AND ROBUST MODEL PREDICTION
The FS-MPC optimization problem is conventionally stated as
where S j (j = 0, . . . , 7) are the finite-states, v proposes a stability-constrained exhausted-search with additional constraints defined as
where ξ s and ξ i are set to large values (e.g., 10 6 ) when the relevant constraints are violated and to zero when the relevant constraints are satisfied. In this paper, the large value of ξ c is selected with 10 6 in comparison with the basic objective function of a performance index to make the priority for the stabilized switchingstates [24] . Then, the exhaustive search is based on (21) to find out the optimal control input. Fig. 4 shows the block diagram of the proposed FS-MPC implemented with a TI TMS320F28335 DSP. Note that the FS-MPC methods do not need a modulation stage such as space-vector modulation (SVM) to realize the continuous control inputs (v id , v iq ). Instead, the FS-MPC directly offers the optimal switching-state S uvw without any modulation. In the literature, even if the FS-MPC is considered as a simple method, in return, the high THDs and ripples are reported due to the lack of an SVM method. 
V. PERFORMANCE INVESTIGATION AND EXPERIMENTAL VALIDATION
This section conducts the performance investigation of the proposed FS-MPC and validates the superiority of the proposed method via comparative studies. In this paper, comprehensive studies show the feasibilities of the proposed FS-MPC on robustness, asymptotic stability, and optimality in comparison with the conventional FS-MPC. Fig. 5 shows the photography of a prototype three-phase VSI test-bed which realizes the overall block diagram shown in Fig. 4 . In this figure, the power circuit is setup with a single-phase power supply of ac 220 V rms /60 Hz from the grid, which is rectified into a dc-link voltage of 295 V dc . Then the 3φ-VSI converts the dc-link voltage into the pulse-width modulated AC voltage, which is supplied to the 3φ−loads via an LC filter [35] - [38] . The control system is also equipped with the TI TMS320F28335 DSP which receives the feedback signals (i.e., I i and V L ) and then sends the control signals to the gate driver to efficiently control the six IGBT switches of the VSI. In the experiments, the control targets are set with the sinusoidal output voltages of 110 V rms /60 Hz. For a fair comparison, all the tests are conducted under the sampling frequency (f s ) of 20 kHz. It is noted that the sampling frequency is important in the FS-MPC due to the following trade-offs. First, lower sampling frequency offers more time for MPC computation (e.g., exhausted search, objective function evaluation, etc.) with complicated algorithms. However, in return, low sampling frequency can degrade the control performance with higher ripples (higher THDs) and more errors in the prediction which can cause the instability problem [2] . Hence, the FS-MPC requires high sampling frequency in order to satisfy the control performance but in consequence, it requires fast processors and fast algorithms. In [1] , the highest sampling frequency is reported at about 30 kHz in the same application with this paper.
A. SETUP FOR COMPARATIVE STUDIES 1) HARDWARE DESIGN OF TEST-BE
In this test-bed, the output LC filter is designed to filter out the harmonic components caused by PWM switching with cut-off frequency equal to 625 Hz. It is noted that the capacitance is first chosen as a small value of C f = 6.7 µF to save the cost and then the inductance is calculated as L f = 10 mH to both reduce the hardware cost and no-load current loss through the capacitor. Table 1 summarizes the key parameters of a prototype 3φ-VSI test-bed. 2) CRITERIA FOR PERFORMANCE EVALUATION Fig. 6(a) elaborates the direct measurement of root-meansquare (RMS) values of output voltage for calculating the SSEs. Fig. 6(b) shows the spectrum analysis of output voltages. Note that, a range of frequencies from 60 Hz to 30 kHz is considered to calculate the THDs in this paper. The RMS based SSEs and fundamental frequency based THD (THD F ) are utilized to evaluate the control performance in the steady-state. In experiments, the THD F is obtained from the spectrum analyzer of the digital oscilloscope TDS5104B in the range which includes the switching frequency range and its main harmonics. Meanwhile, the control performance in the transient-state is quantitatively evaluated via the dip voltage (V) and recovering time (ms) during the dynamic response under disturbances. It is noted that these performance criteria are commonly used in the literature [1] - [3] , [27] , [28] , [36] - [40] . 
B. ROBUSTNESS INVESTIGATION VIA OBSERVERS PERFORMANCE
This subsection investigates the robustness of the proposed observed-based prediction in case of mismatched models by setting the actual values (L f , C f ) which are distorted from
and connecting the parasite resistance R f in series with of the inductance L f as a test for the case of an unmodeled parameter. It is noted that the parameter uncertainties are selected as ±100% from the nominal values as intensive cases while the normal tolerance provided by the manufacturers is typically within ±10% [15] . Fig. 7(a) and (b) show the simulated waveforms to prove the robustness of the proposed observer-based prediction and overall control system under two mismatch cases, respectively. In this figure, the values (i.e.,î * id ,î * iq ,v * id ,v * iq ) observed from the nominal parameters (L f , C f ) using (7), (10) Hence, Fig. 8 proves that the proposed FS-MPC can significantly reduce both SEEs and THDs compared with the conventional FS-MPC by constraining the stability conditions. In particular, the THDs difference (i.e., 1.1% and 0.7%) between the two control schemes under the same sampling rate and LC filters comes from the reduced low-frequency ripples as mentioned in Section IV-A. Note that this difference is important because it is a challenge to filter out the low-frequency harmonics in practice. In addition, the smaller SSEs help improve the AC supply quality of the inverter system under critical loads such as UPS applications.
As seen in Fig. 7(a) , the estimated waveforms (î * id ,î * iq , v * id ,v * iq ) are fitted with the calculated ones (î * id ,î * iq ,v * id ,v * iq ). Besides, the measured outputs V L are fitted with the predicted values V L , which verify the correctness of the proposed observer-based model prediction under the distorted parameters. Specially, Fig. 7(b) confirms the robustness in case of an unmodeled parameter (i.e., parasite resistance R f in series with the inductance L f ). As shown in Fig. 7(b) 
for the correct predictionx on v L . Consequently, the controlled outputs can track the reference values correctly, which proves the robustness of the proposed observer-based prediction against parameter uncertainties and an unmodeled parameter.
C. INVESTIGATION ON EFFECTIVENESS OF CONSTRAINING ASYMPTOTIC STABILITY
This subsection investigates the effectiveness on constraining the asymptotic stability for the proposed FS-MPC through a comparative study between two control schemes (i.e., without and with the stability constraints (18)). For a fair comparison, both control schemes (i.e., Scheme 1:Conventional FS-MPC without stability constraints; Scheme 2: Proposed FS-MPC with stability constraints) are implemented for Case 2 as mentioned in Section V-B under the same observer-based prediction, same objective function J (S uvw ) (i.e., γ d = γ q = 1, and ξ c = 10 6 or 0 with respect to violating or not violating the relevant constraints), and same sampling frequency (f s = 20 kHz).
In this subsection, the load step-change scenario is selected as the most critical case of load disturbances to investigate the dynamic behavior of the controlled system. Then the Fig. 8 . The zoomed-in windows are shown on the right side with the reference waveforms for an easy evaluation on the control performance.
As seen in Fig. 8(a) and (b), both investigated schemes show a good performance on the reference voltage tracking and transient response after a load step-change. A fast recovering time after the same voltage dips is observed from both schemes within 2.2 ms, which represents the traditional fast dynamic response of the FS-MPC as shown in the literature [1] , [2] , [10] , [14] , [38] - [40] . In the steadystate, the differences between two schemes are observed with smaller steady-state errors (SSEs) from the proposed scheme. The SSEs based on root-mean-square (RMS) values are measured with 0.65 V rms and 0.2 V rms for Scheme 1 and Scheme 2, respectively. As seen in Fig. 8(b) , the proposed FS-MPC shows the superiority on removing the ripples from the v Ld and v Lq waveforms. Then, the measured THD fromScheme 2is smaller than the one from Scheme 1 (i.e., 1.1% and 0.7% in the full load condition for Schemes 1 and 2, respectively).
D. EXPERIMENTAL VALIDATION BY COMPARATIVE STUDIES UNDER CRITICAL LOAD DISTURBANCES
This subsection experimentally validates the performance of the proposed FS-MPC (Scheme 2) via an experimental comparative study with the conventional FS-MPC (Scheme 1) under different types of loads and critical load disturbances (i.e., linear and nonlinear load step-changes). To experimentally validate the robustness, the distorted parameters (L f , C f ) = (0.5 * L f , 2.0 * C f ) = (5 mH, 13.2 µF) are intentionally used for the whole control system design [3] , [15] as critical conditions to validate the robustness. For a fair comparison, the same conditions as presented in Section V-C are setup for the both schemes (i.e., Scheme 1 and Scheme 2) in this subsection. Fig. 9 presents the experimental results of the two control schemes (i.e., Scheme 1 on Fig. 9 (a) and Scheme 2 on Fig. 9(b) ) to demonstrate the comparative steady-state performance under different types of loads.
As illustrated on the top of Fig. 9(a) , the conventional FS-MPC (Scheme 1) shows the steady-state error (SSE) in the phase-u voltage with a measured value of 0.6 V rms and the THD of 1.5 % in the steady-state with a three-phase RL load. As shown on the top of Fig. 9(b) , the proposed FS-MPC (Scheme 2) under the same RL load exhibits smaller SSE of 0.3 V rms (i.e., largest on phase-u), less ripples observed from the voltage waveforms which results in smaller THD of 0.9 % on the same load conditions and parameter distortion.
On the bottom of Fig. 9 (a) and (b), the comparative results prove the superiority of Scheme 2 over Scheme 1in the steady-state under a three-phase nonlinear load (i.e., a fullbridge diode-rectifier depicted in Fig. 4 ). The measured values from Scheme 2 are the SSEs of 0.2 V rms and THD of 2.3 %. Meanwhile, the large values are measured from Scheme 1with the SSEs of 0.8 V rms and THD of 3.1 %.
Owing to the importance of steady-state performance in constant-voltage constant-frequency (CVCF) control of the VSIs in applications of high-quality power supplies, improved indexes on SSEs and THDs under different types of loads help increase the efficiency of the supply system, ease the filter design, and reduce the hardware cost. This improvement ensures the high-quality power supply for AC loads at a reasonable price, especially for critical loads in UPS applications. (i.e., 0% to 100%). As shown in Fig. 10(a) , the recovering time of the conventional FS-MPC (Scheme 1) is 2.2 ms and its voltage dip is 35.0 V. As expected from the simulation results, the experimental results also show high THDs and SSEs in the controlled outputs of the conventional FS-MPC.
2) COMPARATIVE PERFORMANCE UNDER LINEAR LOAD STEP-CHANGE
Meanwhile, Fig. 10(b) shows the experimental performance of the proposed FS-MPC (Scheme 2) with sinusoidal voltages in the steady-state. In the transient-state by a load step-change, the recovering time of the Scheme 2 is 1.8 ms and its voltage dip is 25.0 V. In this figure, the measured SSE is 0.3 V rms and the THD is 0.8 %. Once again, the experiments verify the reduced THDs and SSEs of the proposed FS-MPC compared to the conventional FS-MPC by constraining the stability as explained in the simulation results. This sudden load change is typically used as a critical condition to evaluate the voltage quality of an AC power supply. In addition, the small voltage dip and fast recovering time are needed to meet the high requirements of critical loads such as data center and sensitive modern electronics loads.
3) COMPARATIVE PERFORMANCE UNDER NONLINEAR LOAD STEP-CHANGE
This scenario is experimentally implemented to validate the control performance of the two control schemes under a nonlinear load step-change in both the steady-state and transient-state. Especially, the control performance under the state-variable constraints (i.e., maximum phase voltage is limited within ±20% of reference voltage at ±186.7 V peak ) is also verified to highlight the advantages of the FS-MPC schemes in comparison with the continuous-input design method. This validation can be considered as the most challenging case for a VSI system that supplies AC voltages. The distorted nonlinear loads become popular with the emerging installation of complicated electronics-based devices in modern applications. In this regard, the THD is an important index. Also, owing to the nonlinearity of the loads, the voltage and current response in the transient-state should be monitored by the controller. At this point, the FS-MPC exhibits its unique advantages on regulating the physical constraints of the controlled system such as controlled inputs, output voltages, and inverter currents. Fig. 11(a) shows the experimental waveforms captured from the conventional FS-MPC (Scheme 1). In this figure, the recovering time is measured with 2.8 ms and its dip voltage is 55 V after the load step-change. In the steady-state under a nonlinear load, the controlled output voltages of the conventional FS-MPC contain some distortions due to the high harmonic components of the nonlinear load currents with the THD of 3.2 % and SSE of 0.9 V rms , respectively. Next, Fig. 11(b) shows the experimental control performance of the proposed FS-MPC by constraining the stability. In the transient-state, the proposed FS-MPC exhibits a fast dynamic response with a recovering time of 1.8 ms and a reduced voltage dip of 43 V. In the steady-state under the same nonlinear load, the THD and SSE are 2.2 % and 0.3 V rms , respectively. Thus, the proposed FS-MPC method shows a better control performance, especially reduced THDs and SSEs in comparison with the conventional FS-MPC.
These experimental results clearly confirm the advantages of the proposed FS-MPC with stability constraints on the voltage regulation of a three-phase VSI with an output LC filter. To summarize the comparative experimental results, Table 2 shows the comparative performance indexes between the conventional FS-MPC scheme and proposed FS-MPC scheme. 
VI. CONCLUSION
This paper proposed a new FS-MPC scheme with the stabilized direct search and robust prediction in a three-wire 3-phase VSI system. The proposed algorithm is quite simple and flexible thanks to a direct search of the FS-MPC algorithm. The proposed FS-MPC improved the control performance by the constrained stability, which can significantly reduce the THDs (less than 2.2% under nonlinear loads) and SSEs (less than 0.5%) to achieve a high-quality AC power supply. In addition, the observer-based prediction ensured the robustness of the proposed FS-MPC under parameter mismatches and an unmodeled parameter by both filtering the noises and estimating the unmodeled terms. Both comparative simulated and experimental results were presented to prove the advantages of the proposed MPC under a wide-range of parameter uncertainties (±100%) and critical load changes to maintain the high-quality voltage supply. This algorithm can be extended to the FS-MPC used in other power electronics applications such as motor drives and power converters. For further works, other kinds of online optimization algorithms can be combined with stability conditions to target the desired control performance. His research interests include electric machine drives based on microprocessor, control of distributed generation systems using renewable energy sources, and power conversion systems and drives for electric vehicles. His research interests include DSP-based electric machine drives, distributed generation systems using renewable energy sources, and power conversion systems and drives for electric vehicles. VOLUME 7, 2019 
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